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A novel SOI MOSFET electrostatic field sensor
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Abstract: A novel low temperature solid state electric field sensor is demonstrated as a promising sensor. The sensor
is a type of constant voltage Wheatstone bridge whose resistors are four direct gate SOI MOSFET devices. It is demon-
strated in theory that the output voltage signal is proportional to the electric field E, the temperature drift is about zero
when the temperature is in the range from 200 to 400 K, and the doping concentration is in the range from 1 � 1014

to 1 � 1016 cm�3. The experiment results indicate that the resolution of the sensor is about 3.27 mV for a 1000 V/m
electric field at 300 K, and the voltage drift by an amount is about 47 V/m field signal when the degree temperature is
in the range from 300 to 370 K, which is much smaller than the current drift of a single MOSFET which is about 10000
V/m field signal.
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1. Introduction

Electrostatic field sensors are widely used in aviation,
spaceflight, national defense, weather, electric power and other
fields. They have been the subject of research over the past
sixty years. Numerous types of electrostatic field sensors have
been developed, includingmechanical sensorsŒ1�4� andMEMS
sensorsŒ5�7�. MEMS electrostatic field sensors have developed
rapidly in the past ten years. However, these electrostatic field
sensors all have moving parts, such as moving shuttling. So,
these electrostatic field sensors are relatively expensive, sensi-
tive to mechanical damage and not easy to integrate with IC.
The MOSFET has found many applications in the measure-
ment of electrostatic fieldsŒ8�10�. MOSFET electrostatic field
sensors have no moving parts and generally require less oper-
ating power, so the solid state electrostatic field sensors should
become one of the most important sensors. However, little ad-
vancement has been made in the past twenty years because the
sensors are significantly affected by the ambient temperature.
The current signal was observed to drift up to a 10000V/m field
signal per degree Celsius of ambient temperature changeŒ10�.
So the solid state electrostatic field sensors can only be used to
measure large electric field, such as 1000 kV/m electric field.
If the solid state electrostatic field sensors are used to measure
low electric field in ambient temperature, the temperature drift
must be eliminated or reduced.

In this paper, a novel solid state electrostatic field sensor
is presented, which has low temperature drift. The sensor is
a type of constant voltage Wheatstone bridge whose resistors
are four direct gate SOI MOSFET devices. For a single SOI
MOSFET device, the main reason for temperature drift is that
the carrier mobility changes as the temperature changes. But
for two direct gate SOI MOSFET devices in series, the output
voltage signal does not change with temperature because the
carrier mobility changes at the same time. It is demonstrated
in theory that the output voltage signal is proportional to the
electric field E and the temperature drift is about zero. The
experiment results indicate that the resolution is about 3.05 mV

for 1000 V/m electric field at 300 K and the voltage signal drift
is about 47 V/m.

2. Theory

2.1. Direct gate SOI MOSFET device

The structure of the direct gate MOSFET device used for
the measurement of the electric field is shown in Fig. 1. The
SOI MOSFET device was fabricated on an SOI substrate,
whose four sides of the channel are insulated by oxide layers.
The gate oxide layer is absent from the metalized gate elec-
trode. So the gate oxide layer and channel beneath were ex-
posed directly to the external field. The electric field was sub-
ject to appropriate boundary conditions at the air-oxide inter-
face, and penetrated to the silicon surface beneath, where par-
tial silicon was depleted to form the depletion layer. Thus, the
silicon layer between the depletion layer and the oxide layer
of SOI substrate is the channel of the partial depletion MOS-
FET. The thickness of the depletion layer changes with the
electric field, so the channel thickness and the channel resis-
tance change with the electric field. In the paper, P-type sili-
con is selected for the oxide positive charge, which induces a

Fig. 1. Schematic representation of an SOI direct gate MOSFET de-
vice.
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depletion layer or space charge region near the P-type silicon
surface and an accumulation layer at the N-type silicon sur-
face. We assume channel length to be L, channel width to be
W , channel thickness to be d and the carrier concentration to
be np.

The electric field E vertical to the semiconductor silicon
surface induces a space charge region near the surface. Accord-
ing to the Gauss Law, the amount of charge per unit area of the
induced space charge region Qs is proportional to the electric
field E applied to the channel surface:

Qs D "s"0E; (1)

where "s is the permittivity of the semiconductor and "0 is the
permittivity of the free space.

The channel is doped uniformly, in which doping density
is Na. When the temperature is in the range from 200 to 400
K and the doping density Na is in the range from 1 � 1014 to
1 � 1016 cm�3, the doping impurities can all be activated and
ni is negligibly small compared to the doping density Na. So,
the carrier concentration np is equal to the doping density Na
at ambient temperature. If the abrupt depletion approximation
is valid, the depletion layer thickness xd can be extracted:

xd D
Qs

qNa
D

"s"0E

qNa
D

"s"0E

qnp
; (2)

where q is the electronic charge. The effective channel thick-
ness x is the original channel thickness d minus the depletion
layer thickness xd:

x D d � xd D d �
"s"0E

qNa
: (3)

So, the resistance R of the SOI MOSFET device is ex-
pressed by:

R D �
L

xW
D

L

qnp�p.d � xd/W
D

L

qdnp�pW � "s"0E�pW
;

(4)
where L is the channel length, W is the channel width, and
�p is the carrier mobility. It can be seen that the effective
channel thickness reduces and the channel resistance increases
with the increase of the electric field E. But the channel re-
sistance is sensitive to temperature because the carrier mobil-
ity �p changes with temperature. Moreover, the change of the
carrier mobility �p with temperature is one of the semiconduc-
tor characteristics. So, for a single SOI MOSFET device, the
temperature drift cannot be eliminated or reduced.

2.2. Low temperature drift electrostatic field sensor

The low temperature drift electrostatic field sensor is
a type of constant voltage Wheatstone bridge as shown in
Fig. 2, whose resistors are four of the same SOI MOSFET de-
vices as shown in Fig. 1. The SOI MOSFET devices 1 and 3
are used to measure the external electric field, whose resistance
R1 changes with the electric field.

R1 D
L

qdnp�pW � "s"0E�pW
: (5)

In order to screen the external electric field, the SOI MOSFET
devices 2 and 4 are mounted in a metal header package, so the

Fig. 2. Wheatstone bridge with four SOI MOSFET resistors.

electric field applied to the channel surface is equal to zero.
Substituting the electric fieldE D 0 into Eq. (4), the resistance
R2 is achieved:

R2 D
L

qdnp�pW
: (6)

The output voltage of the electrostatic field sensor Vo is the
potential difference between point B and point A:

Vo D VB � VA D
R1

R2 C R1

VD �
R2

R2 C R1

VD

D

"s"0E�p
W

L

2qdnp�p
W

L
� "s"0E�p

W

L

VD: (7)

If the electric field is not larger than 20000 V/m, the depletion
layer thickness is largely less than the channel thickness d , so

qdnp�p
W

L
� "s"0E�p

W

L
: (8)

The output voltage Vo of the electrostatic field sensors can be
rewritten as:

Vo �

"s"0E�p
W

L

2qdnp�p
W

L

VD D
"s"0E

2qdnp
VD: (9)

In Eq. (9), there are three parameters, namely, the major
carrier holes concentration np, the measured electric field E

and the constant voltage VD of the Wheatstone bridge. If the
major hole concentration np and the constant voltage VD are
given, the output voltage Vo is proportional to the measured
electric field E.

2.3. Temperature drift

Compared with Eq. (4), the effect of the temperature on the
output signal for the major carrier hole mobility �p is counter-
acted, so the major carrier hole concentration np is the only
parameter relative to the temperature. However, when the tem-
perature is in the range from 200 to 400 K and the doping den-
sity Na is in the range from 1 � 1014 to 1 � 1016 cm�3, the
doping impurity can all be activated, and ni is negligibly small
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Fig. 3. Main process flows of the SOI MOSFET device.

compared to the doping density Na. So, the carrier concentra-
tion np is equal to the doping density Na.

dnp

dT
D 0: (10)

So, the temperature drift of the sensor is:

dVo

dT
D

d
dT

� "s"0E

2qdnp
VD

�
D �

"s"0E

2qdn2
p

VD �
dnp

dT
D 0: (11)

In theory, the sensor has very low temperature drift, which is
much smaller than the direct gate MOSFET sensor with ambi-
ent temperature drift by an amount up to a 10 kV/m field signal
per degree Celsius of ambient temperatureŒ10�.

3. Main process flow

To prove the low temperature drift of the novel electrostatic
field sensor, the SOI MOSFET devices are fabricated by using
the P-type SIMOX SOI wafer doped 1�1015 cm�3. The thick-
ness of the P-type Si layer on the oxide is about 600 nm, and
that of the oxide layer is about 100 nm. The main process flows
of the SOI MOSFET device are as follows:

(a) The P-type SIMOX SOI wafer was cleaned and oxy-
genated in dry oxygen to form an approximately 100-nm gate
oxide layer. Then a 200-nm nitride layer was deposited on the
gate oxide layer, as shown in Fig. 3(a).

(b) The nitride and gate oxide were etched to form the win-
dows of the source and drain region of the MOSFET. Then the
boron is implanted to form the source and drain regions, the
dose of which is about 5 � 1014 cm�2 for the heavy diffusion,
as shown in Fig. 3(b).

(c) The silicon on both sides of the channel and the outsides
of the source and drain regions was etched and oxygenated to
form the oxide isolation region, as shown in Fig. 3(c).

(d) Then the nitride layer was removed and another layer
oxide was deposited.

(e) Finally, a metal layer was deposited to form the contact
lines, as shown in Fig. 3(d).

Fig. 4. Configuration of the uniform field.

Fig. 5. Experiment results of output voltage versus the electric field.

4. Analysis of experiment results

4.1. Experiment results of output voltage versus the mea-
sured electric field

The electrostatic field sensors fabricated in terms of the
above process flows were measured under a constant temper-
ature condition. For the SOI MOSFET device used in the ex-
periment, the main parameters are a channel width of 10 �m,
a channel length of 5 �m, a channel thickness of 0.6 �m and a
carrier concentration of about 1 � 1015 cm�3. The voltage of
the constant voltage Wheatstone bridge VD is 5 V. The elec-
tric field is in the range from 2 to 20 kV/m, which is created
by a DC voltage source and two conducting plates as shown in
Fig. 4. The space and the DC voltage between two conducting
plates respectively are about 10 cm and in the range from 200
to 2000 V.

The plot of output voltage versus applied electric field E is
shown in Fig. 5. The experiment results indicate that the output
voltage is proportional to the electric field E and changes with
about 3.27 mV for 1 kV/m electric field at 300 K.

4.2. Experiment results of temperature drift

The temperature drift is measured when the electric field
E is equal to 5 kV/m, as shown in Fig. 6. The temperature
changes from 300 to 370 K, the output voltage increases with
temperature at a ratio of 1.52 mV/10 K, namely, the voltage
drift by amount is up to 47 V/m electric field signal per degree
temperature. The temperature drift is much smaller than a sin-
gle MOSFET whose temperature drift is about 10 kV/(m·K).
In theory, the temperature drift should be zero. The measured
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Fig. 6. Experiment results of output voltage versus temperature.

temperature drift may be relative to the moving of the oxide
chargesŒ10�. In the paper, to decrease the oxide charge, the ni-
tride was deposited on the gate oxide before the boron implan-
tation process.

5. Conclusion
In this paper, a novel low temperature solid state electric

field sensor was demonstrated as a promising sensor. The sen-
sor is a type of constant voltage Wheatstone bridge whose re-
sistors are four direct gate SOI MOSFET devices. The exper-
iment results indicate that the resolution is about 3.27 mV for
1 kV/m electric field at 300K, and the temperature drift is about
1.52 mV when the temperature increases by 10 K, namely, the

signal voltage drift with ambient temperature by an amount is
about 47 V/m field signal per degree temperature from 300 to
370 K, which is much smaller than the current signal drift with
ambient temperature by an amount up to about 10 kV/m field
signal. The results of this research suggest that the novel solid
state electric field sensor can be used at ambient temperature.

References

[1] Evans W H. Electric fields and conductivity in thunderclouds.
Geophys Res, 1969, 74(4): 939

[2] Evans W H. The measurement of electric fields in clouds. Pure
Appl Geophys, 1965, 62(Ⅲ): 191

[3] Winn W P, Byerley L G. Electric field growth in thunderclouds.
Quart G Met Soc, 1975, 101: 979

[4] Kasemir HW. The cylindrical fieldmill.Meteorol Rundsch, 1972,
25: 33

[5] Horenstein M N, Stone P R. A micro-aperture electrostatic field
mill based on MEMS technology. Journal of Electrostatics, 2001,
51: 515

[6] Riehl P S, Scott K L, Muller R S. Electrostatic charge and
field sensors based on micromechanical resonators. J Microelec-
tromechan Syst, 2003, 12(5): 577

[7] Ye Chao, Peng Chunrong, Chen Xianxiang, et al. Micromachined
electrostatic field sensor with vertical thermal actuator. 5th IEEE
Sensors Conference, 2006: 1419

[8] Negro V C, Cassidy M E, Graves R T. A guarded insulating gate
field effect electrometer. IEEE Trans Nucl Sci, 1967, Ns-14: 135

[9] Horenstein M. Field effect transistor tracking surface field sensor.
Rev Sci Instr, 1964, 35(11): 1587

[10] Horenstein M N. A direct gate field-effect transistor for the mea-
surement of DC electric fields. IEEE Trans Electron Devices,
1985, 32(3): 716

045003-4


